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A B S T R A C T
An Au-TiO⁠2 photoanode on carbon cloth has been synthesized by microwave-assisted sol-gel method to treat
paracetamol solutions at pH3.0 by photocatalysis (PC), electro-oxidation (EO), photoelectrocatalysis with UVA
light (PEC), solar PEC (SPEC) and hybrid methods with photoelectro-Fenton under UVA (PEC+PEF) and sun-
light (SPEC+SPEF) irradiation at constant anodic potential (E⁠an). The photoanode has been characterized by
XRD, Raman spectroscopy, HRTEM and SEM-EDS. The counter electrode was a 316L stainless steel plate, which
was replaced by an air-diffusion electrode for H⁠2O⁠2 generation in hybrid treatments. The most powerful process
was SPEC+SPEF, yielding total paracetamol removal in <30min and 24% mineralization after 180min, at
E⁠an =+0.82V. The paracetamol decay followed a pseudo-first-order kinetics in PEC. A lower rate constant was
obtained upon increase of pharmaceutical concentration, showing good linear fit using a Langmuir-Hinshelwood
model.
1. Introduction
One of the biggest challenges in the world today is the efficient
removal of persistent organic contaminants from water. In particular,
pharmaceuticals are routinely detected at concentrations <10μgL⁠−1 in
sewage treatment plant (STP) effluents [1], further reaching surface wa-
ter, groundwater and even drinking water. This imposes a variety of
negative effects such as endocrine disruption, brain damage, convul-
sions and carcinogenic diseases [2]. Paracetamol [PCM, N‑(4‑hydrox-
yphenyl)acetamide] is a top-selling analgesic and antipyretic drug. Con-
centrations up to 6μgL⁠−1 have been detected in STP effluents and up to
10μgL⁠−1 in natural water in USA [3–5]. The complex molecular struc-
ture of these residues makes difficult their removal by conventional
wastewater treatments [6,7], thus being necessary to develop new ma-
terials and technologies.
Advanced oxidation processes (AOPs) have become a suitable choice
within this framework, since they allow the generation of hydroxyl
radical ( OH) that is a strong oxidant able to non-selectively de
stroy most organic and organometallic contaminants [8,9]. Paracetamol
has been successfully degraded by several AOPs including electrochemi-
cal [10,11], ozonation [12], photocatalysis (PC) [13,14], and photoelec-
trocatalysis (PEC) [15] methods.
PEC is one of the most promising AOPs for the efficient destruction
of pharmaceuticals. Among photocatalysts, TiO⁠2 has received much at-
tention due to its chemical stability, nontoxicity and low cost [13,16].
Nevertheless, its poor photoactivity under visible light irradiation limits
its application [17]. Some authors have tried to overcome this drawback
via morphological modification (increasing porosity or surface area) or
doping with different elements [18,19]. Transition metals such as Co,
Fe, Ni, Ag, Au and Pt [20–24] have been used to modify the elec-
tronic structure of TiO⁠2. These metals trap the photogenerated elec-
trons, reducing the electron-hole recombination process [25]. It has also
been proven that the synthesis method, yielding particles with differ-
ent sizes and shapes, plays a key role on the photocatalytic perfor-
mance [26]. TiO⁠2 nanopowders can be prepared via various routes like
sol gel, chemical vapor deposition, pyrolysis and hydrothermal treat
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ment [27–30]. The sol-gel technique offers advantages to support metal
catalysts, since the active metal and support can be prepared in a single
step [31,32]. Recently, novel microwave- and ultrasound-assisted pro-
cessing methods are also being reported [16,21,33,34].
This work reports the synthesis of a carbon-cloth supported Au-TiO⁠2
photoanode by microwave-assisted sol-gel method and its application to
the removal of paracetamol from aqueous medium by UVA-assisted PEC
and solar PEC (SPEC), as well as new hybrid methods with electrochem-
ical AOPs like photoelectro-Fenton (PEF) and solar PEF (SPEF).
2. Materials and methods
2.1. Chemicals
PCM (99.9%) and analytical grade Na⁠2SO⁠4, FeSO⁠4·7H⁠2O and H⁠2SO⁠4
were supplied by Fluka and Merck. Solutions were prepared with ultra-
pure water (Millipore Milli-Q, resistivity >18.2MΩcm).
2.2. Synthesis of Au-TiO⁠2 photocatalyst
A TiO⁠2 photocatalyst was synthesized as previously reported
[17,21]. The titanium precursor (titanium isopropoxide, 99.9%,
Sigma-Aldrich) was dissolved in isopropanol (99.9%, Sigma Aldrich) un-
der magnetic stirring for 20min using nitrogen stream. The hydrolysis
process was performed by adding an aqueous gold(III) chloride hydrate
(Sigma-Aldrich) solution into the precursor/solvent solution, followed
by sodium borohydride addition to ensure chemical reduction to Au,
thus obtaining the decorated photocatalyst. The resulting mixture was
stirred for 1h in a dark box and the obtained sol gel was transferred to
Teflon vessels to perform the microwave treatment (1800W, Milestone
flexiWAVE), at 210 °C for 30min. The product was filtered and dried at
room temperature for 24h. After grinding the resulting powder in an
agate mortar, it was suspended in an isopropanol/water mixture and
electrophoretically deposited on carbon cloth (ElectroChem), at 4V for
1min. The final photoanode was calcined at 450 °C for 3h.
2.3. Structural characterization
The morphological analysis was carried out by high-resolution trans-
mission electron microscopy (HRTEM) using a JEOL 2100 microscope
at 200kV. The sample was dispersed ultrasonically in ethanol and fixed
onto a carbon-copper microgrid. Scanning electron microscopy coupled
to energy-dispersive X-ray spectroscopy (SEM-EDS) was also employed.
The X-ray diffraction (XRD) pattern was obtained with a PANalytical
X'Pert PRO MPD Alpha-1 powder diffractometer with Cu K⁠α1 radia-
tion (λ=1.5406Å). Raman spectra were acquired with a LabRAM HR
(Horiba Scientific) with a Nd:YAG laser (λ=532nm, output power of
80mW). Samples were analyzed with a 6mW power over a 1.5μm di-
ameter area, using a microscope with a 10× objective. Inductively cou-
pled plasma mass spectrometry (ICP-MS) was carried out in a NexIon
350D equipment to quantify the amount of gold in the catalyst by dis-
solving the samples in HNO⁠3/HCl (1:3).
2.4. Photocatalyst performance
The photocatalytic activity of the photoanode was assessed from
paracetamol removal using a stirred 78.5mgL⁠−1 solution in 0.050M
Na⁠2SO⁠4 at pH3.0 and 25 °C. In each test, a 100mL thermostated
three-electrode undivided cell, with an Au-TiO⁠2 (0.1wt% Au as nomi-
nal content) photocatalyst (2cm⁠2 algebraic area), Ag/AgCl as reference
electrode and a 10cm⁠2 316L stainless steel (SS) plate as counter elec-
trode, was used. All electrolyses were performed with an Amel 2051 po-
tentiostat-galvanostat. A 0.1Lmin⁠−1 air stream was bubbled through the
stirred solution in the dark for 30min before starting and during the
180min of each experiment. The system was irradiated with a semicir-
cular UVA lamp containing 18 LEDs (2W power each, λ=365nm). The
AOPs applied were: (i) photocatalysis (PC), by irradiating without cur-
rent supply to electrodes, (ii) electro-oxidation (EO), at anode potential
E⁠an =+0.82V vs Ag/AgCl without irradiation, (iii) PEC and SPEC, at
the same potential but under UVA and solar irradiation, respectively,
and (iv) two hybrid processes, PEC+PEF and SPEC+SPEF, under the
same conditions but adding 0.50mM FeSO⁠4 and replacing the SS cath-
ode by an air-diffusion electrode to electrogenerate H⁠2O⁠2 on site [35].
Solar assays were made in Barcelona, in clear and sunny days of Sep-
tember 2017, with average UV irradiance of 31Wm⁠−2.
2.5. Analytical methods
All samples were filtered with Whatman PTFE filters (0.45μm) be-
fore analysis. Paracetamol concentration decay was followed by
high-performance liquid chromatography (HPLC) on a Waters 600 LC
fitted with a Spherisorb ODS2 5μm, 150mm×4.6mm, column at room
temperature, and coupled to a photodiode array detector selected at
248nm. The eluent was a 60:40 (v/v) 10mM KH⁠2PO⁠4/acetonitrile mix-
ture, at 0.8mLmin⁠−1. Paracetamol mineralization was monitored from
the removal of total organic carbon (TOC), determined on a Shimadzu
VCSN TOC analyzer (50μL injection volume, 1% accuracy). Experiments
were run in duplicate.
3. Results and discussion
3.1. Structural characterization of the Au-TiO⁠2 photocatalyst
The presence of Au decorating the TiO⁠2 matrix was corroborated by
HRTEM. As can be seen in Fig. 1a, metallic Au nanoparticles can be
identified as multiple black dots, whereas TiO⁠2 formed semi-spherical
nanoparticles of 10–12nm diameter. From FFT analysis, cell parameters
of Au-TiO⁠2 were identified as a=3.91Å and c=8.03Å. Upon compar-
ison with anatase TiO⁠2 (a=3.78Å, c=9.52Å) [19], one can infer cell
stress due to Au inclusion. This can also be verified from SEM-EDS and
ICP analyses. From EDS analysis of Au-TiO⁠2 surface (see mapping in Fig.
1b), only 0.04wt% of Au was detected, whereas ICP showed a higher
concentration of 0.08wt%, which means that Au is not only on the pho-
tocatalyst surface but also dissolved inside the crystalline cell.
The X-ray diffractions patterns of several Au-TiO⁠2 photoanodes are
presented in Fig. 2a. Peaks located at 25.3°, 36.9°, 48.0°, 53.9°, 55.1°,
corresponding to anatase phase, can be observed in all cases. However,
the diffractograms revealed no presence of rutile or Au, probably due
to their small concentrations. The calcination process to support the
catalyst on carbon cloth did not modify the TiO⁠2 matrix, as demon-
strated by the analogous peaks of the powder. The Raman spectrum of
a fresh Au-TiO⁠2 sample (Fig. 2b) corroborates the presence of anatase
phase. The major bands are located at 144, 197, 399, 515, 519 (super-
imposed with the 515cm⁠−1 band) and 639cm⁠−1 [36]. No rutile phase
bands (143, 235, 447, and 612cm⁠−1) were detected. Although anatase
and rutile phases share a common band, note that the one at 144cm⁠−1
is the strongest for anatase and that at 143cm⁠−1 is the weakest one for
rutile.
3.2. Activity tests
The performance of the carbon-cloth supported Au-TiO⁠2 anode was
assessed from the treatment of 100mL of paracetamol solutions with
78.5mgL⁠−1 (50mgL⁠−1 TOC) of the drug containing 0.050M Na⁠2SO⁠4 at
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Fig. 1. (a) TEM images and (b) EDS mapping of Au-TiO⁠2 (0.1wt% Au) photocatalyst.
AOPs increased as
PC≪EO<PEC<SPEC≪PEC+PEF<SPEC+SPEF, yielding parac-
etamol removals of 3%, 57%, 62%, 66%, 100% and 100%, respectively.
As expected, PC was the less efficient process because the electrons
and holes produced from the UVA light absorbed by the photocatalyst
via reaction (1) were easily recombined, thus accumulating very low
amounts of OH from reaction (2) [18,19].
(1)
(2)
The EO treatment was more powerful due to the greater OH pro-
duction at the anode surface from water discharge [6,9]:
(3)
The PEC process yielded a final paracetamol degradation quite simi-
lar to the sum of PC (3%) and EO (57%). This suggests that PEC pre-em-
inently involves the oxidation with OH independently formed from
reactions (2) and (3). The better removal in SPEC can be related to
greater generation of holes and OH upon use of powerful radiation,
along with a smaller electron-hole recombination because the dopant
Au trapped some of the photoelectrons. The Au-TiO⁠2 photoanode then
results efficient under sunlight illumination.
The hybrid methods led to much faster degradation since in PEF, a
great quantity of OH is formed in the bulk from Fenton's reaction (4),
as well as from photolytic reaction (5) [6,8]. The combined action of
Fig. 2. (a) X-ray diffraction patterns of: (i) M1, fresh photoanode, (ii) M2, photoanode
used in PEC, (iii) M3, damaged photoanode, and (iv) Au-TiO⁠2 (0.1wt% Au) powder. (b)
Raman spectrum of the same powder.
these radicals with those originated from reactions (2) and (3) explains
the fast and overall paracetamol abatement after 45min of PEC+PEF
treatment. This time was shortened to 25min in SPEC+SPEF because
of the acceleration of reactions (1), (2) and (5) [6].
(4)
(5)
The solution TOC was only abated in PEC+PEF and SPEC+SPEF,
finally achieving about 20% and 24% mineralization, respectively, veri-
fying the higher power of the latter.
To gain better insight into PEC process, tests were performed with
initial paracetamol concentration ([PCM] ⁠0) between 15.7 and
78.6mgL⁠−1. Similar profiles for the normalized concentration removals,
slightly faster at smaller content, were obtained. A degradation of 65%
and 60% was found when the concentrations increased from 15.7 to
78.6mgL⁠−1. No mineralization was found during these trials.
The above concentration decays fitted well with pseudo-first-order
kinetic model, and Fig. 3b highlights a gradual drop of the corre-
sponding rate constant (k⁠1) from 9.34×10⁠−3 to 5.48×10⁠−3 min⁠−1 when
[PCM]⁠0 rose from 15.7 to 78.6mgL⁠−1. This tendency means that k⁠1 is
not a true rate constant, since it should be [PCM]⁠0-independent. The
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Fig. 3. (a) Normalized paracetamol decay vs. reaction time for the treatment of 100mL
of 78.6mgL⁠−1 drug at pH3.0 by AOPs. (b) Change of rate constant and its reciprocal with
paracetamol concentration upon PEC treatments.
two factors: (i) larger adsorption of paracetamol molecules onto Au-TiO⁠2
active sites, and (ii) larger absorption of photons by paracetamol. This
leads to a smaller photon absorption by Au-TiO⁠2, causing a lower gen-
eration of electron-hole pairs that ends in a lower amount of OH from
reaction (2). The Langmuir-Hinshelwood model was applied to justify
the change of k⁠1 with [PCM]⁠0, verifying the following relationship [37]:
(6)
where k⁠c is the rate constant at the catalyst surface and K⁠PCM is the
Langmuir-Hinshelwood adsorption equilibrium constant. Fig. 3c shows
the good linear 1/k⁠1 vs. [PCM]⁠0 trend, with R⁠2 =0.983, yielding
k⁠c =0.792mgL⁠−1 min⁠−1 and K⁠PCM =0.0073Lmg⁠−1. These results inform
about a fast reaction of paracetamol with OH, along with poor adsorp-
tion, at the Au-TiO⁠2 surface.
4. Conclusions
An Au-TiO⁠2 photoanode supported on carbon cloth was successfully
synthesized by microwave-assisted sol gel. The main crystalline phase
was anatase and tensions on the TiO⁠2 structure were detected. PEC
process yielded 62% paracetamol degradation, being enhanced to 66%
under sunlight radiation in SPEC. This demonstrated the ability to ab-
sorb visible light thanks to Au doping. A larger removal was found
using hybrid PEC+PEF and SPEC+SPEF processes, due to the addi-
tional powerful action of OH formed under Fenton conditions. The
most efficient treatment was SPEC+SPEF, allowing 100% degradation
at 25min and 24% mineralization after 180min. In PEC, paracetamol
decays obeyed a pseudo-first-order kinetics, and Langmuir-Hinshelwood
model showed a fast surface reaction with poor adsorption of paraceta-
mol molecules.
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